Semiempirical equations are developed that represent the behavior of dilute solutions of NaCl in water (steam) in the range 723-823 K where ion pairing is extensive.
The derivation and representation of thermodynamic properties for this ion-pairing range is relatively complex. Indeed, we are now able to present precise equations only for the critical pressure at each temperature. Although estimates are now possible for other pressures, either additional experiments or more general theory will be required before highly accurate equations can be given.
The conductance measurements of Quist and Marshall (3) , together with the Debye-Huckel equation, yield values for the ion-pairing equilibrium constant and determine the thermodynamic properties for very dilute solutions. But the critical properties must also be invoked to determine the properties at somewhat higher concentration. At the critical pressure, it is possible to connect the equation for the dilute region smoothly with that given previously for the concentrated range.
The solubility of NaCl in steam drops rapidly with decrease in pressure; consequently, estimates for lower pressures can be based on simpler equations. The activity of H20 remains very close to that of pure steam, while the activity of NaCl can be estimated from information on the properties of hydrated gas ions. These aspects were discussed in a recent paper (4) . The present results give some guidance for estimates at pressures moderately above critical.
EQUATIONS
The composition measure for the concentrated range was mole fraction on an ionized basis, and we continue to use this basis. Thus, for the NaCl, X2 = 2n2/(ni + 2n2). [1] It is convenient to extend this same system for the present range but recognizing ion pairing when necessary. With 6, the fraction of solute as ion pairs, one can define mole fractions offree ions xi (either + or -), of pairs xp, and of solvent (water) x, as follows:
Here n1 and n2 are the numbers of moles of H20 and NaCl, respectively, and I, is the ionic strength on the mole fraction basis. The equation used previously for the Gibbs energy (1, 5, 6) The activities of water and NaCl are, respectively, ln a1 = ln x, + wx 2 + 2AxI3/2/(1 + pJ½2) [7] ln a' = 2jln(2xi) + wx2(x2 -2) At the critical point all of the following derivatives are zero aln a, a2In a, dln a2 = 21n a2
In a given calculation it is convenient to use a particular pair of these derivatives as will be noted below.
EXPERIMENTAL DATA
The phase compositions in the critical region of aqueous NaCl were measured by Sourirajan and Kennedy (9) and by Urusova (10) over a wide range of temperature. There are additional measurements near the critical point of water (11) (12) (13) . There is good agreement concerning the critical pressure. The critical composition is a more difficult measurement and there are considerable differences among investigations. But, as will be shown below, the activity is essentially constant over a considerable range in composition; consequently, the uncertainty in these experimental results is not a serious problem. The ion pairing is indicated by the conductance measurements of Quist and Marshall (3) , who report association constants determined by using a particular extended form of the Debye-Huckel equation. Though their expressions fit the conductance data satisfactorily, the use of their expressions for the thermodynamic properties indicates a wide separation of phases at the critical pressure. No simple modification yielded agreement with the observed phase behavior. Consequently, we employed the equations of the preceding section and refitted the conductance data. The ion-pairing constant was determined from the conductance data for the critical pressure by using the Debye-Huckel parameter based on the dielectric and other properties of pure steam, and the "distance" parameter p was given by Eq. 5. The Margules or short-range interaction parameter was adjusted to yield a critical point.
In these re-evaluations of the ion-pairing constants, several assumptions about the limiting conductance were tested; the simple assumption of a constant value of 1200 cm2 ohm-lequiv-1 was adopted. Also the measured conductance at the lowest concentration, 0.001 mol kg-1, seemed always somewhat divergent; hence, it was given reduced weight. The method of Fuoss and Shedlovsky (14) was used to calculate the effect of ionic strength on the conductance of the free ions.
The density of water at the critical pressure is near the lower limit of the conductance measurements. Thus, the association constants are rather uncertain. This leaves somewhat uncertain the solute activity at intermediate concentrations near x2 = 0.01. But near the critical composition, redissociation is substantial and the uncertainty in the activity is greatly reduced.
INTERPOLATION TO CONCENTRATED
SOLUTION BEHAVIOR Extrapolation of the equations for dilute solutions beyond the critical composition does not yield a smooth junction with the equations reported previously for concentrated solutions. This is not surprising because the latter equations are very simple, with only a single freely adjustable parameter, which was adjusted to obtain a best fit of the data over the full composition range to x2 as high as 0.5. Although one can easily make a graphical interpolation, the use of a simple analytical interpolation function seemed preferable. This process is illustrated in Fig. 1 , which shows ln a1 for the critical region for 773 K, 590 bar (1 bar = 100 kPa). The interpolated curve is shown as a dashed connection between the two solid curves. The maximal difference of the interpolation from the nearest extension of the solid curves is only 0.003 or 0.3% in the activity. Because either of the parent functions could be in error by this amount, the interpolation introduces no significant additional uncertainty.
For the activity of NaCl the same interpolation parameters are used with Eq. 10c. Now the functions for the two ranges of concentration are related to different reference states. The difference between the reference states is just the amount required to bring the two values of ln a2 together at the critical composition with ln a2 = ln a' + (G--G2)/RT. [11] 
RESULTS
The final parameters for the dilute solutions and for the difference between reference states are given in Table 1. Table  2 gives the parameters for the concentrated solutions and for the interpolation function. These values of w in Table 2 are those obtained from the original calculations for concentrated solutions; the values reported in ref. 1 were smoothed, but the differences are insignificant. Table 3 gives the fraction of ion pairs and the activities of water and of NaCl over the dilute range. Values are also given (at 723 K only) to illustrate the behavior at very low concentration. The solute is largely in ion pairs down to mole fraction i0-5 but it is primarily ionized at 10-6. It is important to recognize that the critical composition was not used in evaluating any parameter, yet the calculated range of essentially constant activity agreed quite well with the experimental range at 723, 773, and 823 K. This adds credibility to the final results.
At 673 K, however, our calculational system failed to yield fully satisfactory results. This situation is not surprising for a temperature so close to the critical temperature for pure water. Our equations assume that the phase separation arises from the interactions of the sodium and chloride ions in the presence of a dielectric medium. But pure water has its own critical point, and the phase separation in very dilute solutions must arise primarily from the properties of the water.
Because the critical composition at 673 K is at very low mole fraction NaCl, the activity of water is reduced only slightly from that of pure water. Consequently, there is little uncertainty about the activity of water, but an accurate calculation of the activity of NaCl at 673 K must await further experiments or better theoretical methods.
Also included in the last two lines of Table 1 are values of the Gibbs energy of hydration for the ions Na+ and Cl-and for the NaCl ion pairs. Values for these species in the pure gas were taken from the JANAF tables (15) . For [12] where each of the first two terms on the right is referenced to the solid and the last term corrects for the different reference In K, RT [13] which yields the Gibbs energy of the aqueous ion pairs and then for the hydration, where again the last term corrects for the difference in reference states.
DISCUSSION
From the results shown for 723 K in Table 3 it is apparent that the NaCl is primarily ion pairs over the mole fraction range i0-5 to 0.06. Our definition of x2 on an ionized basis implies that ideal behavior with al = 1 -x2 corresponds to complete ionization. Thus, one expects the activity of water to decrease with about half of the ideal slope, as is apparent from Figs. 1 and 2. As the critical composition is approached, however, redissociation is substantial, and the increased ionic strength increases the Debye-Huckel term, which is positive for al. Thus, although the increased dissociation tends to decrease al, a Debye-Huckel term dominates, and there is a region of essentially constant activity.
In an earlier paper (4) the mass spectrometric data for hydrated Na+ and Cl-ions were used to calculate Gibbs energies of hydration. The model adopted included also a Born term for outer-shell hydration. This model was regarded to be valid only to 50 bar at 700 K or 100 bar at 800 K, pressures far below those considered here. Indeed, if the model is formally applied to the pressures of Table 1 , the calculated hydration energies are somewhat too small. Because the effective radius for the outer-shell Born term was estimated, it is possible to obtain agreement by use of a smaller radius that is still within a reasonable range. An array of data on other properties, including the NaCl solubility in steam, should be considered, however, before revised models are adopted for ion and ion-pair hydration. Such a study is beyond the scope of this paper.
The thermodynamic properties of the system NaCI/H20 in the range up to 823 K and 1 kbar are pertinent to many geochemical problems involving seawater or other natural waters. Thus, the results of this investigation should be useful in such geochemical studies as well as in possible engineering applications.
